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Abstract 
Experimental model of fragment of header unit of light-water nuclear power reactor clean-up and cooldown system was developed and 
manufactured. Experimental studies of temperature conditions were performed using the developed experimental model. 
Experimental distributions of temperature in characteristic zones of the header unit under study were obtained. The most thermally 
stressed zones of heat-exchanging surface were determined. Analysis of intensity of temperature pulsations on the heat-exchanging surface 
and coolant flow in different zones was performed, statistical and spectral characteristics of temperature pulsations were represented. Solutions 
were suggested aimed at the reduction of intensity of thermal pulsations. 
Calculation model of the fragment of header unit was developed and recommendations were given on the development of calculation 
models. Results of numerical modeling of transient temperature conditions and characteristics of temperature pulsations for different regimes 
of flow streamlining the model obtained using ANSYS CFX 14.0 CFD-code are presented here. 
Comparative analysis of experimental and calculated data was performed. It was demonstrated that calculated data are in agreement with 
experimental data with sufficient accuracy which gives the possibility to use the developed calculation model in the future for subsequent 
substantiation of heat exchanger design. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Bntroduction 
Significant impact on the lifespan of highly stressed heat
xchanging equipment is produced by hydrodynamic and
hermodynamic processes accompanied with temperature pul-
ations. Temperature pulsations can produce significant fluc-
uations of thermal stresses on the heat-exchanging surfaces
eading to the fatigue destruction of elements of equipment.
emperature pulsations must be taken into consideration in
he designing of heat and power generation plants and must
e reduced to permissible levels by rational selection of oper-∗ Corresponding author. 
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.V. This is an open access article under the CC BY-NC-ND license ( http://creatitional regime parameters or by application of special design
olutions in order to ensure reliable operation of the equip-
ent during the required service life [1–3] . Determination of
haracteristics of thermal pulsations is often associated with
he need to carry out experiments. However, substatiation of
esign of heat generating equipment of nuclear power instal-
ations on the basis of experimental studies of hydrodynam-
cs and heat exchange using pilot samples of equipment is
ssociated with extremely high costs. In contemporary condi-
ions combined calculation and experimental approach using
FD-codes allowing reducing the costs of designing heat ex-
hanging equipment appears to be the most promising. Ex-
erimental studies which perform the function of a tool for
erification of the software must be implemented within the
eneral framework of the approach in question using scaled
odels of equipment or of separate parts of the equipment. cow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Overall view of the heat exchanger model. 
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 Combined calculation and experimental approach with ap-
plication of 3D thermal hydraulics code ANSYS CFX 14.0
was realized in the present study. Results of complex studies
of temperature pulsations caused by the presence of mixed
convection were obtained using the experimental model of
fragment of header unit of heat exchanger. The study is ded-
icated to the choice of optimal operational regime parameters
and design solutions ensuring reduction of intensity of tem-
perature pulsations, as well as to the development of recom-
mendations for adaptaion of methodologies of numerical mod-
eling of temperature pulsations to the heat exchanger model
under investigation. 
Expeimental facility and methodology 
Experimental studies were conducted on the thermal hy-
draulic test facility FT-80 constituting part of the experimental
complex of the Department of Nuclear and Thermal Power
Plants of the R.E. Alekseev NNSTU. The test facility con-
sists of three hydraulically closed loops imitating the power
generating unit. Heating medium is circulating within the first
loop, working medium is circulating in the second loop and
cooling water is circulating in the third loop. Water with high
degree of purity is used both as the coolant and as the work-
ing medium. The design of the test facility allows conduct-
ing studies within the range of operational regime parame-
ters corresponding to those of contemporary nuclear power
installations. 
Experimental section is incorporated in the structure of the
first and third loops of the test facility. General view of the ex-
perimental section is represented in Fig. 1 . The experimental
model under study consists of the following main elements:
vessel 1; two side flat covers 2 and 3; header unit 4 composed
of the upper and lower headers connected with each other byix straight tubes Ø20 × 1.5 mm 2 ; divider 5; resistance lattice
; side (7 and 8) and end (9 and 10) walls installed in such
 way as to form a channel with rectangular cross-section in
hich the header assembly is installed; tube joints 11–14 for
oolant inlet to and outlet from the test section 15; couplings
or thermal element outputs 16; fastening parts, etc. Overall
ength of the experimental model amounts to 1250 mm with
odel diameter equal to 700 mm. Length of the investigated
ection of heat exchanging surface is equal to 360 mm and its
iameter is equal to 450 mm. 
Propagation of heating medium is performed within the an-
ulus and that of cooling water is organized inside the tubes.
ropagation of cooling water is achieved by the principle of
orced circulation. Lower header of the experimental model
erves as the outlet and the upper one as the inlet of cooling
ater. 
Several different options of coolant supply to the header
nit were incorporated in the heat exchanger design: in order
o use these options the heat exchanger is equipped with four
ube joints, three of which are located in the central cross-
ection of the experimental model and the fourth is positioned
n the vessel cover [4] . 
С hromel-copel thermal microelements with individual cali-
ration curves (calibration uncertainty equal to ± 0.2 °C) were
sed in the studies of temperature field in the experimental
odel. Sensitive part of the element is rolled to reach the
iameter equal to 0.5 mm. Since the areas where tubes are
xed to the headers and tube plates are often subjected to de-
truction as the result of temperature pulsations, the following
ethods are used in the heat exchanger experimental model
o install thermal elements ( Fig. 2 ): 
t1,3,…,47 are the sensors installed in metal-coated slots
on the surface of heat exchanging tubes in the cross-
section removed from the upper header by 200 mm (in
four directly opposite points of the circumference); 
t2,4,…,48 are the sensors installed in the same cross-
section inside the coolant flow above the surface of heat
exchanger tubes in alignment with metal plated ones; 
tt1,2,3 are the immersed thermocouples installed above the
surface of heat exchanger tubes in the cross-section lo-
cated 30 mm lower. 
Determination of the most thermally stressed zones of the
pper header was performed using metal plated thermal el-
ments tk1,2,…,12 installed on the upper header surface (in
hree cross-sections in four directly opposite points of circum-
erence of the cross-sections). 
In general representation the methodology of experimental
tudies consisted of sequential implementation of the follow-
ng operations: 
- Organization of circulation of working media through the
experimental model by manipulating shutoff valves; 
- Reaching and maintaining the preset thermal physical pa-
rameters; 
- Stabilization of thermal physical parameters, waiting for
completion of transient processes; 
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Fig. 2. Layout of arrangement of thermal elements on the model. 
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Fig. 3. Calculation model of the header unit: (a) general appearance of the 
geometrical model with lateral section; (b) cross-section of the finite element 
model. 
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d  - Recording temporal evolution of temperature fields, flow
rates of heating medium and cooling water, calculation of
their statistical, correlation and spectral characteristics. 
The following arrangement of coolant circulation was im-
lemented in the experiment: coolant was supplied to the in-
estigated channel using the option with coolant inlet from
bove, it washed the header assembly and, following this,
ypassed the resistance lattice and was removed through the
ube joint located in the lower part of the experimental model
essel. In the first series of measurements coolant was sup-
lied directly to the upper header and during the second series
ivider was installed at the inlet to the investigated channel
or the purpose of flattening the velocity fields. The stud-
es were conducted within temperature ranges of 200 °C to
50 °C, ranges of mass velocities at the inlet section were
qual to 60–260 kg/(m 2 s) and coolant pressure was within the
ange of 9–12 MPa. Experimental study of thermal pulsations
f the fragment of header unit of the clean-up and cooldown
ystem of light water reactors was performed at low velocities
f forced coolant circulation. The range of Reynold’s number
mounted from 1732 to 11,650. 
ethodology of calculation study 
3D geometrical model of header unit was constructed
ased on the design drawing documentation. General appear-
nce of the model with indication of main design elements
s presented in Fig. 3 a. Tetrahedral finite element model was
eveloped based on the geometrical model. Analysis of lat-
ice convergence and correction of sizes of wall elements as
ell as of the number of prismatic layers were performed ac-
ording to the results of preliminary calculations [5] . Cross-
ection of the finite element model is represented in Fig. 3 b.
utward appearance of prismatic layers is represented in en-
arged scale. 
The calculation model consists of the following main ele-
ents: 
- Vessel structures (divider, resistance lattice) and header as-
sembly; - Heating medium; 
- Cooling water. 
Two subareas mutually connected (unit-to-untit) in the pro-
ess of lattice generation were created in the process of solu-
ion of the problem as follows: steel and incompressible liquid
cooling water in the header and heating medium). The fol-
owing mathematical models were selected for the subareas: 
- Solid body model for modeling heat transfer in vessel
structures; 
- Incompressible liquid for modeling fluid flows. 
Physical properties of applied materials and working me-
ia (density, specific heat capacity, thermal conductivity,
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Fig. 4. Typical dependences of intensity of temperature pulsations S versus coolant mass velocity ρω for the flow 1 and the surface of heat exchanger tubes 
3 without the divider, as well as for the flow 2 and the surface of heat exchanger tubes 4 with the divider: (a) central zone of the channel; (b) periphery of 
the channel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Typical dependences of intensity of temperature pulsations S in the 
frontal part of the upper header versus coolant mass velocity ρω. 
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 molecular viscosity) were taken into consideration in the
configuration of mathematical models. The following bound-
ary conditions were imposed on the selected calculation
subareas: 
1. For subarea 1: boundary type – wall; no heat exchange on
the external wall of the vessel (adiabatic wall), boundary
conditions on internal surfaces are determined from the
conditions of coupled heat exchange. 
2. For subarea 2: boundary type – inlet/outlet; temperature
and mass flow rate are preset at the inlet (depending on
the operation mode). 
3. On the surfaces working in contact with metal boundary
conditions are determined from the coupled heat exchange
conditions. 
Special attention was paid in the process of development of
the calculation model to the selection of the turbulence model.
Steady-state calculation was performed using the SST-model
because the results of preliminary calculations with best con-
vergence of average temperature values were produced using
specifically this model. SAS-SST turbulence model producing
LES-like solution and allowing resolving the vortex structures
[5–8] was applied for non-stationary calculation. It has to be
noted that this model is operated within the framework of
RANS-approach which is much less demanding as refers to
computational resources as compared with LES approach. 
Results of experimental studies 
Comparative analysis of temperature distributions in the
vicinity and on the surface of heat exchanger tubes for op-
erational regimes before and after installation of the divider
allowed establishing the following: 
- At low mass coolant velocities (from 60 kg/(m 2 s) to
110 kg/(m 2 s)) installation of the divider produces practi-
cally no influence on the character of coolant flow which
is confirmed by the agreement between readings of the ma-
jority of thermal elements (difference between the readings
made with the divider and without it is less than 1 °C); 
- With coolant mass velocity increasing from 130 kg/(m 2 s)
to 260 kg/(m 2 s) temperature conditions of the header unitfor operational regimes with and without the divider be-
gin to significantly differ (difference between the readings
of thermal microelements for these operational regimes is
mostly within the ranges from 2.5 °C and higher); such
effect of absence of flattening of the velocity field is prob-
ably explained by the appearance of directional flows dif-
ferent from those for operational regimes with application
of the divider); 
- Temperature level registered by thermocouples installed in
the coolant flow is on the average somewhat higher (by
3–5 °C) for the operational regimes with divider. 
Analysis of intensity of temperature pulsations (standard
eviation) allowed formulating the following conclusions: 
- With increase of mass velocity of coolant in the first loop
intensity of temperature pulsations registered by the major-
ity of metal plated and immersed thermocouples installed
in the vicinity of heat exchanger tubes increases ( Fig. 4 ),
and those for thermocouples installed in the frontal (rela-
tive to the oncoming flow) part of the upper header ( Fig. 5 )
reduce with increased mass velocity, which is pronounced
the most clearly for the operational regimes with the
divider; 
- Level of intensity of temperature pulsations both for the
flow and for the metal exceeds for the operational regimes
without the divider the similar level for the regimes with
divider by 1.5 times on the average. With increased veloc-
ity this trend becomes strongly pronounced. 
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Fig. 6. Normalized spectral density of temperature pulsations of heat ex- 
changer tube G. 
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tThus, installation of the divider changes the character of
treamlining of the header unit, as the result of which intensity
f pulsations decreases. 
Comparative analysis of spectral characteristics of tempera-
ure pulsations demostrated that frequency bands within which
he main energy of the spectrum is concentrated are similar
o each other for operational regimes without the divider and
fter its installation. However, the operational regimes with-
ut the divider are characterized with somewhat higher val-
es of spectrum energy. Spectrum of wall temperature pulsa-
ions has peaks within the frequency band of 0.08 Hz–0.2 Hz
 Fig. 6 ) practically for all cases. The main part of energy of
he spectrum is concentrated within the frequency band from
 Hz to 0.45 Hz. It was established that energy of tempera-
ure fluctuations depends on the coolant flow rate in the first
oop. Non-uniformity of distribution of energy of tempera-
ure fluctuations along the perimeter of heat exchanger tubes
s observed, which evidences the complex nature of coolant
ropagation. 
With increasing coolant flow rate the number of metal
lated thermocouples registering temperature pulsations spec-
ra of which have pronounced maximums is decreased, which
s the most typical for operational regimes with the divider.
lattening of pulsation spectra takes place, probably, becauseig. 7. Typical experimental 1 and calculated 2 temporal evolutions of temperatu
he heat exchanger tube. f the turbulization of the flow in the region adjacent to the
alls. 
esults of calculation study 
Calculation studies of non-stationary temperature condi- 
ions and characteristics of thermal pulsations for the model
f the heat exchanger header unit were performed for the
ption with the divider. Calculation was performed for four
xperimental operational regimes with different coolant flow
ates and temperatures at the inlet of the experimental sec-
ion. Temporal evolutions of the dynamically changing pro-
ess were obtained as the result ( Fig. 7 ). Temperature de-
endences were constructed and their analysis was performed
sing the obtained evolutions and the value of relative di-
ergence of the calculated value from the experimental one
as calculated. Example of construction of temperature dis-
ribution for the sections of heat exchanger tubes is given in
ig. 8 . Temperature values are plotted in degrees Celsius
long the radial axis. 
Calculated data are in good agreement with experiment.
umber of points, relative divergence for which does not ex-
eed 5%, amounts to more than 60%. Here the best agreement
f average values of calculated and experimental temperature
alues was obtained in the coolant flow for points located in
he vicinity of the third and fourth heat exchanger tubes. The
rst and the third heat exchanger tubes are characterized with
he smallest value of relative divergence of calculated wall
emperature from corresponding experimental values. 
As the results of comparative analysis of integral temper-
tures of working media at the outlet from the experimental
odel it was established that the value of relative divergence
f calculated temperature from its experimental value does
ot exceed 4.5% for the examined operational regimes. 
Comparative analysis of statistical characteristics of cal-
ulated and experimental temperature pulsations, such asre pulsations in the wall (a, c) and in the coolant flow (b, d) obtained for 
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Fig. 8. Calculated (1, 3) and experimental (2, 4) temperature distributions in the coolant flow and in the walls of heat exchanger tubes. 
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demonstrated that: 
- Calculated value of intensity of temperature pulsations is
somewhat higher than the experimental value, which is the
most pronounced for the wall temperature; 
- Energy spectra of temperature pulsations obtained as the
result of calculation and experiment have similar character.
Conclusion 
Temperature conditions of the fragment of header unit of
heat exchanger were investigated as the result of implemented
experimental studies. Presence of thermal pulsations explained
by significant temperature gradients, as the result of which
secondary convective coolant flows develop, as well as for-
mation of detached flows behind the upper header in the zone
of location of heat exchanger tubes were established. Spe-
cific features of streamlining the heat exchanging surface with
coolant flow were revealed using the obtained experimental
data. Low-frequency temperature pulsations within the range
of 0.08 Hz–0.2 Hz with amplitude equal to 6 °C–10 °C are de-
cisive for header unit walls. Uncertainty of temperature mea-
surements does not exceed ± 0.5 °C within the investigated
region. 
Since extension of lifespan of heat engineering equip-
ment is associated with reduction of levels of temperature
pulsations accompanying the processes of transient heat ex-
change, divider was installed on the inlet section of the
heat exchanger. It was established that application of the
divider is efficient at coolant mass velocities in excess of
130 kg/(m 2 s). 
Results of experimental study of temperature conditions of
the header unit were accepted for practical application by the
Open Joint-Stock Company “OKBM Afrikantov”. Generated
data tables were applied in the validation of calculation results
and for elaboration of calculation models in the hydrodynamicodes applied to implement calculation substantiation of heat
xchanger design. 
Calculation model required for modeling temperature con-
itions of the fragment of header unit of heat exchanger of
he system of emergency cooling of VVER light-water reac-
ors was developed and tested on the basis of ANSYS CFX
FD-code. 
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